Three distinct classes of S-adenosyl-L-methionine (SAM)-responsive riboswitches have been identified that regulate bacterial gene expression at the levels of transcription attenuation or translation inhibition. The S MK box (SAM-III) translational riboswitch has been identified in the SAM synthetase gene in members of the Lactobacillales. Here we report the 2.2-Å crystal structure of the Enterococcus faecalis S MK box riboswitch. The Y-shaped riboswitch organizes its conserved nucleotides around a three-way junction for SAM recognition. The Shine-Dalgarno sequence, which is sequestered by base-pairing with the anti-Shine-Dalgarno sequence in response to SAM binding, also directly participates in SAM recognition. The riboswitch makes extensive interactions with the adenosine and sulfonium moieties of SAM but does not appear to recognize the tail of the methionine moiety. We captured a structural snapshot of the S MK box riboswitch sampling the near-cognate ligand S-adenosyl-L-homocysteine (SAH) in which SAH was found to adopt an alternative conformation and fails to make several key interactions.
Recent discoveries of cis-acting regulatory RNAs termed riboswitches revealed the novel ability of RNA to directly relay environmental cues to the genetic regulation machinery (for reviews, see refs. 1-3 and references therein). Bacteria use riboswitches to regulate the metabolism and transport of vitamins [4] [5] [6] [7] [8] [9] , nucleotides [10] [11] [12] [13] [14] [15] , amino acids [16] [17] [18] [19] , cofactors 5, [20] [21] [22] [23] [24] and metal ions 25, 26 . Riboswitches are especially prevalent in Gram-positive bacteria, as exemplified by Bacillus subtilis, where more than 4% of its genes are riboswitch regulated 27 . A handful of riboswitches were also found in eukaryotic systems, suggesting that such mechanisms may be even more widespread than currently appreciated 9, 28, 29 .
A typical metabolite binding riboswitch consists of a ligandsensing 'aptamer domain' and an 'output domain' that regulates gene expression, generally at the levels of transcription attenuation or translation initiation 2, 4, 30 . Binding of the cognate metabolite to the aptamer domain usually causes conformational changes that result in alternative base-pairing in the output domain, which in turn affects expression of the downstream open reading frames. The three classes of SAM-responsive riboswitches, including the S box (SAM-I) [20] [21] [22] 31 , SAM-II 23 and S MK box (SAM-III) 24 , represent the most commonly found riboswitch families in bacterial genomes 32 . All of these riboswitches are highly selective for SAM over its natural analog SAH, which is generated from utilization of SAM as a methyl donor in enzyme-catalyzed methyltransfer reactions and differs from SAM by the absence of a methyl group and a positive charge on the sulfur atom. Crystal structures of the S box (SAM-I) and SAM-II riboswitches 33, 34 revealed two completely different RNA folds that use distinct mechanisms of SAM recognition.
The S MK box riboswitch (Fig. 1a) regulates the translation of SAM synthetase (metK) genes in lactic acid bacteria by sequestration of the Shine-Dalgarno (SD) sequence, which is essential for loading of the 30S ribosomal subunit for translation initiation 24 . Notably, the SD sequence within the S MK box family (GGGGG) differs from the consensus SD sequence (GGAGG) at the central position (Fig. 1a,b) . The three Gs at the 3¢ portion of the SD sequence, in conjunction with the following two nucleotides, base pair with the anti-Shine-Dalgarno (ASD) sequence in the presence of SAM 24 , which hinders the binding of 30S ribosomal subunits to the mRNA 35 . Mutational studies demonstrated that the S MK box riboswitch differs from most metabolite binding riboswitches in that the SD-ASD pairing is required for SAM binding, indicating that the output domain (the SD-ASD pairing) is an intrinsic part of the ligand binding domain 24 . Similarly to other SAM riboswitches, the S MK box riboswitch shows at least 100-fold preference for SAM over SAH (refs. 24,35 and this study).
To elucidate the SAM-induced translation-inhibition mechanism in the S MK box riboswitch, we determined crystal structures of the E. faecalis S MK box riboswitch, including its SD sequence, in the presence of SAM, selenium-derivitized SAM (Se-SAM) or SAH. The RNA was found to organize into a Y-shaped molecule, with SAM intercalated into the three-way helical junction (Fig. 1c) . In agreement with previous genetic and enzymatic probing analyses 24, 35 , the SD sequence contributes to both binding-site formation and specific SAM recognition. The near-cognate ligand SAH can make only weak and nonspecific interactions with the riboswitch.
RESULTS

Structure determination
We determined the crystal structure of the E. faecalis S MK box riboswitch 24 to elucidate the SAM-dependent translation-inhibition mechanism. The optimized version of the S MK box riboswitch ( Fig. 1b and Supplementary Methods online), designated S MK 6, allowed structure determination at 2.2 Å and showed SAM binding activity similar to that of the full-length wild-type construct (Fig. 2a,b) . The apparent K d values for SAM determined by size-exclusion filtration were estimated to be 0.85 mM for the full-length transcript (corresponding to positions 15-118 relative to the predicted E. faecalis metK transcription start site) 24 and 0.57 mM for the 53-nucleotide (nt) crystallization construct (Fig. 2b) . The K d value for the full-length S MK transcript was further confirmed by fluorescence-quenching assays (Supplementary Fig. 1 and Supplementary Results online). In a competition assay, the S MK box riboswitch shows at least 100-fold preference for SAM over its near-cognate ligand SAH 24 (Fig. 2b) .
Overall structure of the S MK box riboswitch The 53-nt S MK box riboswitch RNA folds into an inverted Y-shaped molecule, where helices P1 (SD-ASD helix) and P4 (linker helix) constitute the two short arms, and P3 (top helix) stacks on top of P2 (middle helix) to give rise to the long arm (Fig. 1c) . Most of the secondary-structure features match the predictions from the phylogenetic analysis and RNase T1, V1, A and H probing experiments 24 , including the SAM-dependent formation of the SD-ASD helix and the protection of nucleotides including U69, U70, C75 and G88, although the P4 linker helix was not previously assigned. The quintuple-G SD sequence spans the SD-ASD (P1) and linker (P4) helices (Fig. 1b) , contributing to the overall folding of the RNA and the SAM binding site. Among the 23 residues in the S MK box riboswitch that are 100% conserved (Fig. 1a) , 10 participate in the formation of a pocket inside the three-way junction, where the adenosine moiety of SAM intercalates to allow continuous base stacking from P1 to P2. A lid-like structure formed as a result of a double-strand reversal in the J3/2 bulge partially encloses the SAM binding site and further stabilizes the threeway junction through base-triple interactions that enlarge the major groove of P2. A total of 15 divalent metal ions were identified bound to the S MK RNA to shield the unfavorable electrostatic interactions between sugar phosphate backbones as the result of tertiary RNA folding ( Supplementary Fig. 2 and Supplementary Table 1 online).
The P4 linker helix was further probed by poly(A) scanning mutations. Replacement of the 11-nt hypervariable E. faecalis linker region with a poly(A) 6 sequence did not affect SAM binding activity; disrupting the linker helix by further mutating G88 and G89 to adenosine residues, however, dramatically reduced SAM binding (Fig. 2a) , consistent with the participation of these residues in the P4 linker helix. Additional point mutations were generated to confirm the formation of the G88-C76 base pair (Fig. 2a) . Introduction of a C76U wobble mutation in the E. faecalis S MK box, which occurs naturally in some S MK box family members when a third 77-87 base pair is maintained 24 , resulted in retention of 59% of the SAM binding activity. By contrast, the G88A mismatch mutation that would severely destabilize the linker helix resulted in a 75-fold reduction in SAM binding activity. Combination of the C76U and G88A mutations, which replaces the G-C pair with a weaker A-U pair, restored the binding to 32% of the wild-type level, consistent with sequencealignment results that suggest that an additional base pair is needed in this context to maintain the stability of the linker helix 24 .
Binding-pocket formation
The floor of the SAM binding pocket (Fig. 3a) is defined by a crucial base-triple interaction (A73 G90-C25), where N1 of A73 approaches from the minor groove side to accept a hydrogen bond from N2 of G90 (Fig. 3b) . This base triple serves two purposes: first, it ties J2/4 to the P1 SD-ASD helix in conjunction with another interaction between the N1 of A74 and the 2¢-hydroxyl of G90; furthermore, it orients the N6 amine of A73 for SAM recognition. Base-pairing at C25-G90 is crucial, as a C25 A90 mismatch (G90A mutation) reduced the SAM binding activity to 1.3% of the wild type, whereas a U25-G90 wobble pair (C25U mutation) showed 63% of the SAM binding activity (Fig. 2a) . The importance of the A73 G90-C25 base triple is underlined by the strong, deleterious effect of the C25U G90A double mutation, which converts the SD element from the quintuple-G sequence found in all S MK box elements to the more commonly found GGAGG sequence, while maintaining the SD-ASD pairing. The 24 . Black capital letters, residues that are 100% conserved; blue, 50-85% conserved; R, G or A; W, A or U; Y, C or U; thick dotted lines, hypervariable loops; solid ladders, conserved secondary structure; gray and pink shaded areas, SD sequence and AUG start codon, respectively. (b) Secondary structure of the S MK 6 riboswitch RNA based on the crystal structure. Helices P1 through P4 are colored in cyan, green, silver and yellow, respectively. Gray shading, SD sequence; solid magenta lines, direct contacts between the RNA and the SAM molecule; dashed magenta lines, tertiary interactions between J3/2 and P2 and J2/4. Numbering is consistent with previous studies 24, 35 . (c) Cartoon representation of the crystal structure of the S MK riboswitch. SAM is shown in overlapping CPK and surface representations in magenta and silver, respectively. The coloring scheme for the RNA is consistent with b.
loss of SAM binding activity in this mutant is apparently due to the loss of N2 when G90 is converted to A, which disrupts the A73 G90 side of the base-triple interaction. Thus, the structural and mutational data collectively explain the absolute conservation of an unusual SD sequence in all S MK box riboswitch RNAs.
The ceiling of the SAM binding site is formed from two layers of nonstandard base pairs, both of which involve bases from the J3/2 trinucleotide bulge, which are highly conserved among the E. faecalis subfamily of the S MK box RNAs 24 . A sheared U72 A64 pair sits immediately on top of the SAM intercalation base plane, which exposes the O4 of U72 for SAM recognition. Further above is the A27 G71 G66 base triple, where G71 mediates extensive hydrogen bond contacts to the Hoogsteen face of both A27 and G66, weaving P2 together with J3/2 ( Fig. 3c) . U65 in the J3/2 bulge mediates a U-turn motif and extends toward the opening of the SAM binding pocket; this residue was shown to be more prone to RNase T1 digestion in the presence of SAM 24 , consistent with the proposal that SAM binding reorients this residue. The backbone of the bulge resembles a 'lid' that secludes SAM inside the three-way junction and contributes to the overall electronegative environment inside the pocket, which may help to attract the SAM molecule. The importance of the J3/2 lid structure is indicated by the U65C and U65 deletion mutations, which cause a 5-fold and 20-fold decrease in SAM binding activity, respectively (Fig. 2a) .
SAM recognition
The universally conserved G26 is left unpaired inside the cavity of the three-way junction. SAM intercalates its adenosine moiety between the P1 and P2 helices from the major groove side, stabilizing the threeway junction through p-stacking interactions (Fig. 3d) . The adenosine moiety of SAM adopts an energetically unfavorable syn-conformation and presents its Watson-Crick face to form three minor groove contacts (N1-amino, amino-N3 and amino-2¢-OH) with the unpaired G26. Even a minor perturbation of the G26-SAM interaction, such as occurs in the G26A mutant, in which the N1-amino hydrogen bond is disrupted, reduces SAM binding by five-fold (Fig. 2a) . The N7 at the Hoogsteen face accepts a hydrogen bond from the N6 amine of the tilted A73 (Fig. 3d) . Disruption of this hydrogen bond by the A73G mutation caused an 80-fold reduction in SAM binding activity (Fig. 2a) , although we cannot completely separate this effect from the disruption of the A73 G90-C25 base triple. The ribose moiety of SAM adopts a 2¢-endo conformation to avoid steric clashes with the base plane of G89 in the SD sequence 36 . The 2¢-and 3¢-hydroxyl groups of SAM are recognized by hydrogen bonds to the N7 (p-hydrogen bond) and 2¢-hydroxyl of G89, respectively (Fig. 3e) . The 2¢-hydroxyl of SAM donates an additional water-mediated hydrogen bond to the N6 of A74. The positive charge on the sulfonium ion of SAM is recognized through favorable electrostatic interactions with the O4 carbonyl of U72 and the 2¢-hydroxyl of G71 (Fig. 3f) . The positive charge is further stabilized through intramolecular electrostatic interactions with the O4¢ on the ribose and N3 on the base of SAM (Fig. 3d) . Consistent with the structural observations, the U72C mutation, which places a partially positive N4 amine toward the sulfonium, decreases the SAM binding activity by 70-fold (Fig. 2a) . A similar charge-stabilization scheme involving contacts between the sulfonium ion of SAM and O4 of uracil is used by the other two classes of SAM binding riboswitches to selectively bind the SAM molecule 33, 34 . The neutral, hydrophobic sulfide in SAH is not expected to make these electrostatic interactions with the RNA.
In contrast to the well-defined adenosine moiety, no electron density was observed for functional groups beyond the sulfonium ion in SAM (Fig. 3d) . This is a strong indication that the methionine tail (including the main chain and most of the side chain atoms beyond the sulfur) is not specifically recognized by the S MK box riboswitch, which is in sharp contrast to the extensive recognition of the methionine tail observed in the structures of the S box and SAM-II riboswitches 33, 34 . Lack of recognition toward the methionine tail is further supported by binding studies with SAM analogs, where SAM analogs lacking the methionine main chain atoms bind the S MK box riboswitch with affinities similar to that of SAM (A.M.S., F.J. Grundy and T.M.H., unpublished data). The methyl group on the sulfonium ion is not specified by the S MK box riboswitch (Fig. 3d) because replacing it with an ethyl group does not impair ligand-RNA interactions (A.M.S., F.J. Grundy and T.M.H., unpublished data). The modeled methionine conformation illustrated in Figure 3 complies with all spatial constraints derived from the structural and SAManalog studies.
Regulation of E. faecalis metK-lacZ fusions in vivo The E. faecalis metK S MK box was previously shown to confer translational regulation of a lacZ reporter gene in which the translation-initiation region is replaced by that of the metK gene 24 . Integration of the fusion construct into the B. subtilis chromosome results in high expression when cells are grown under conditions where intracellular SAM pools are low and a five-fold reduction in expression when cells are grown in the presence of high methionine concentrations, conditions that result in high SAM pools 37 .
The S MK box riboswitch structure supports the model that SAMdependent SD-ASD helix formation is responsible for translational inhibition. To verify this hypothesis, we evaluated the functional consequences of three sets of mutations that perturb the stability of the SD-ASD helix. As previously reported 24 , a C24G mutation in the ASD region, predicted to disrupt the SD-ASD interaction, causes loss of repression in vivo ( Table 1 ) and loss of SAM binding (Fig. 2a) . A C24U mutation had a similar effect (Table 1) , although expression was significantly higher and a small response to SAM was retained, presumably because of the maintenance of a U24-G91 wobble pairing. A C24U G91A double mutation, which restores pairing at this position, restored SAM binding (Fig. 2a) and resulted in low expression but only partial restoration of repression by SAM ( Table 1) . The low expression is likely to be due to disruption of the SD by the G91A mutation, which causes reduced affinity for 30S ribosomal subunits and therefore obscures the regulatory response in vivo. A similar pattern was observed with the U22G and A93C mutations ( Table 1) , which affect the ASD and SD sequences, respectively, and cause loss of SAM binding in vitro 35 . The U22G A93C double mutant restores the pairing at this position and restores SAM binding 35 . This mutant also showed SAM-dependent repression in vivo, although expression was reduced relative to that of the wild-type construct ( Table 1) . This reduction in expression may be due to an enhanced SD-ASD interaction from replacing an A-U pair with a G-C pair.
As described above, G90 in the SD sequence has a pivotal role in the S MK box riboswitch, as it organizes the SAM binding pocket through A73 G90-C25 base-triple formation and stacks directly underneath the SAM molecule. The C25U substitution creates a wobble pair with G90. This mutant showed partial repression by high SAM concentrations in vivo ( Table 1) , consistent with a modest reduction of SAM binding in vitro (Fig. 2a) . The C25U G90A double mutant is predicted to restore Watson-Crick pairing at this position but not the crucial basetriple interaction with A73. This variant showed complete loss of repression in vivo, despite maintaining a canonical SD sequence ( Table 1) , in accordance with the loss of SAM binding in vitro (Fig. 2a) . These data confirm the importance of G90 for SAM binding and SAM-dependent regulation.
Se-SAM-bound S MK box structure confirms sulfonium position
To confirm the position of the sulfur atom in the SAM molecule, we further determined the structure of the S MK box riboswitch soaked in freshly prepared Se-SAM (where the sulfur atom is substituted with selenium, a heavier chalcogen analog 38 ). The conformations of the RNA and the Se-SAM molecule are essentially identical to that in the SAM-bound structure, with an r.m.s. deviation of 0.3 Å for allphosphorous-atom alignment. The same set of contacts specifies Se-SAM in the ligand binding site, and the selenomethionine moiety remains unstructured beyond the onium selenium (Fig. 4a) . The location of the selenium atom, which essentially overlaps with the sulfur atom in the omit map, is unambiguously identified by an 8s anomalous difference signal collected at the absorption edge of selenium (Fig. 4a) . The distances of the electrostatic interactions between the RNA and the onium selenium are on average B0.3 Å longer than seen in the SAM-bound structure, reflecting the increased van der Waals radius. Observations from the Se-SAM-bound riboswitch structure confirm our assignment of the sulfonium position in SAM and strengthen our conclusion that the methionine tail of SAM is not specified by the S MK box riboswitch.
SAH makes a minimum set of contacts to the S MK box riboswitch
To investigate how the S MK box riboswitch would respond in the presence of natural near-cognate ligands such as SAH, we determined the S MK box RNA structure in the presence of SAH at a saturating concentration of 2 mM, about 67-to 2,000-fold higher than the intracellular concentration of SAH (0.5-30 mM 39 ). The resulting structure revealed that SAH can displace SAM at saturating concentration. The binding pocket and overall structure of the S MK box riboswitch remains unchanged, presumably owing to strong crystal lattice contacts to the P1 and P4 helices. The resulting structure is thus a snapshot of the functional S MK box riboswitch sampling a near-cognate ligand before rejecting it. In the 2.9-Å resolution structure, SAH adopts a conformation very different from SAM in the binding pocket (Fig. 4b) . The ribose moiety of SAH rotates 1801, such that the adenosine moiety now adopts an anti-conformation. 2¢-and 3¢-hydroxyls in SAH make an alternative set of interactions with the phosphoryl oxygens of G90. More importantly, weak electron-density features revealed that the uncharged sulfide in SAH rotates 1801 from U72 to the vicinity of G71. As a result, the intramolecular contacts that stabilize the sulfonium ion conformation in SAM and the key electrostatic interactions between the sulfur atom and the RNA are all lost when SAH is in place. It therefore seems that the positive charge on the sulfur atom is crucial in presenting the SAM molecule in the correct conformation for strong ligand-RNA interactions, analogous to the 'lock-and-key' mechanism found in many enzyme-substrate complexes. The structural observations are consistent with in vitro assays showing that the S MK box riboswitch has much higher affinity for SAM over SAH 24, 35 , with at least a 100-fold preference for SAM.
DISCUSSION
With the completion of the structure of the S MK box riboswitch, a family portrait of the three known classes of SAM binding riboswitches is now available 33, 34 . These riboswitches adopt completely different RNA folds and have probably emerged independently during evolution. They nevertheless converged at the functional level to preferentially recognize SAM, an important metabolite inside the cell, and regulate gene expression in response to the ligand binding event. We conclude from structural comparisons that, although creative ways are used to accommodate the binding of SAM, a conserved mechanism is used by all three classes of SAM riboswitches to distinguish SAM from SAH, which is the biologically relevant SAM analog.
Riboswitches sense both chemical and conformational distinctions in SAM SAM adopts drastically different conformations among the three classes of SAM riboswitches ( Supplementary Fig. 3a online) . The Thermoanaerobacter tengcongensis and B. subtilis yitJ S box (SAM-I) riboswitches completely engulf SAM in a pocket between two helical stacks (ref. 33 and C.L. et al., unpublished data). The SAM-II riboswitch adopts a classic H-type pseudoknot and encloses SAM inside an RNA triple helix 34 . The S MK box riboswitch allows the intercalation of SAM into a tight pocket in a three-way junction. In each case, SAM mediates important tertiary interactions to stabilize the ligand-bound conformation of the riboswitch. The adenine base is involved in base stacking and base-triple interactions in all three riboswitches. The positively charged sulfonium moiety is invariably recognized through favorable electrostatic interactions, usually with one or two O4 carbonyl oxygen atoms from uracil residues. This recognition forms the basis for preferential binding of SAM over SAH. The methyl group on the sulfonium moiety is not directly contacted by any of the three riboswitches. Rather, it points toward the solvent region and is recognized collectively with the sulfonium ion, a mechanism perhaps evolved to prevent self inactivation by spontaneous methylation of the RNA by SAM. Recognition of the methionine tail, however, occurs differently in the three riboswitches. The tail is extensively contacted by the S box riboswitch 33 , less so by the SAM-II riboswitch 34 and completely ignored by the S MK box riboswitch. Previous structural studies seem to suggest that riboswitches are more likely to be identified through bioinformatics rather than SELEX approaches because in each structure, the metabolite is completely encapsulated by the RNA. The ability of the biologically active S MK box riboswitch to recognize SAM by specifying only half of the molecule and without engulfing SAM completely suggests that additional classes of SAM riboswitches can potentially be identified by SELEX approaches using a SAM molecule immobilized at the methionine tail as the bait. In addition to chemical differences between SAM and SAH, SAM also adopts a distinct conformation that is energetically unfavorable for SAH and other noncognate SAM analogs. Alignment of the conformations of SAM within the three riboswitch structures along the ribose region clearly revealed that, although the conformation of the adenine base (syn-or anti-) and the methionine tail (crouched or extended) varies dramatically among the three riboswitch structures, the sulfonium ion makes an invariable, strong 3-Å electrostatic contact to the O4¢ of the SAM ribose ( Supplementary Fig. 3a,b) . This gauche-conformation ( Supplementary Fig. 3b ) about the C4¢-C5¢ bond has been shown by NMR measurement to be the predominant (93%) SAM conformation in solution 36 . The same study showed that SAH, on the other hand, favors the anti-conformation 36 , presumably because of its inability to maintain the intramolecular electrostatic interaction. Indeed, in our survey of 30 randomly chosen SAH-bound protein structures, 87% of the SAH molecules adopted the anti-conformation (Supplementary Fig. 3b) . Thus, by simultaneously contacting both the ribose and the sulfonium moieties of SAM, all three riboswitches effectively select for a SAM conformation that is unfavorable for SAH. Consistent with this observation, our structural analysis of the SAH-bound S MK box riboswitch revealed that, although SAH could bind to the crystalline-trapped S MK box riboswitch at a nonphysiological high concentration, the sulfide moiety in the riboswitch-bound form of SAH swings 1801 away from the sulfonium binding site, severely weakening the ligand-RNA interactions to a level indistinguishable from the binding of other adenosine-containing metabolites such as ATP. Thus, it seems that both chemical and conformational differences at the sugar-sulfur linkage are explored by SAM binding riboswitches to distinguish between cognate and near-cognate ligands. The recent discovery of a new class of SAH binding riboswitches upstream of bacterial genes involved in SAM recycling 40 demonstrates that RNA is capable of forming a selective binding site that favors either SAM or SAH.
A simple SAM-dependent translation-inhibition mechanism A typical riboswitch is conceptually modular, consisting of a ligandsensing aptamer domain and a separate output domain whose structure is influenced by the ligand binding event at the aptamer domain. A much simpler mechanism for translational regulation is found in the S MK box and SAM-II riboswitches, where the SD sequence is an integral part of the SAM binding aptamer domain, allowing ligand sensing and translational inhibition through SD-sequence sequestration to take place in a single step. An important feature in the S MK box riboswitch is the direct involvement of the SD sequence in SAM recognition. Although strong crystal packing interactions prevent observation of large ligand-induced conformational changes in crystal structures, mutagenesis and enzymatic probing assays 24, 35 clearly revealed global conformational changes in the presence of physiologically relevant concentrations of SAM but not SAH. These SAM-dependent changes are especially evident in the formation of the linker and SD-ASD helices that sequester the ribosome binding site. Conversely, the ability to form the linker and SD-ASD helices is a prerequisite for SAM binding 24 . The combined structural and biochemical data suggest that SAM shifts the conformational equilibrium toward the ligand-bound state seen in the crystal structure, where the SD sequence required for binding of the 30S ribosomal subunit is sequestered. Consistent with this mechanism, ribosome toeprinting analysis showed that the correct positioning of the 30S ribosomal subunit on the S MK box mRNA is reduced in the presence of SAM but not SAH 35 . Direct involvement of the SD sequence in the formation of the aptamer domain is also observed in the SAM-II riboswitch structure 34 , although the exact location of the SD sequence is less well defined.
In summary, our combined structural and mutagenesis data on the S MK box riboswitch clearly demonstrate its mechanism for translational inhibition through sequestration of the SD sequence, and the interplay between SD-ASD pairing and SAM binding activity. The S MK box riboswitch is unique among riboswitch RNAs studied to date in that the same residues of the RNA that are involved in gene regulation (the SD sequence) are directly involved in specific recognition of the SAM ligand.
METHODS
RNA crystallization and structure determination. Design of the crystallization construct is described in the Supplementary Methods. RNA was prepared as described 41 . Se-SAM was a gift from S. Booker (Pennsylvania State University). Its synthesis has been described previously 38 . SAM and SAH were purchased from Sigma, dissolved in water and DMSO, respectively, as 100 mM stock solutions (pH o 7) and stored at -80 1C until immediately before use.
To ensure conformational homogeneity, the S MK box RNA was heat-refolded as described 24, 35 . The high-resolution S MK 6 crystals grew as extremely slim needle crystals of 15 Â 15 mm 2 in cross-section from a solution containing 40 mM sodium cacodylate, pH 7.0, 80 mM strontium chloride, 15% (w/v) 2-methylpentane-2,4-diol (MPD) and 2 mM spermine-HCl. The MPD content was raised stepwise to 25% (w/v) before the crystals were flash-frozen in liquid nitrogen. Diffraction data were collected using the microcrystallography setup at beamlines Advanced Photon Source (APS) 24-ID-E and MACCHESS F1 and processed using HKL2000 42 . The detailed phasing and refinement procedure is described in the Supplementary Methods. The initial model was built using COOT 43 from experimental phases calculated from SHELXD 44 and refined using Refmac5 45 and CNS 46, 47 . The final model includes all nucleotides and a total of 15 strontium ions (Supplementary Table 1 ) and 69 water molecules. The methionine tail of SAM and the pyrimidine ring of U65 are the only portion of the model without corresponding electron densities. Final R work and R free factors were 22.1% and 22.7%, respectively ( Table 2) . Se-SAM and SAH bound structures were determined by molecular replacement using PHASER 48 and refined using Refmac5 (ref. 45 ) and CNS 46, 47 (Table 2 and Supplementary Methods).
In vitro SAM binding assays. We carried out SAM binding assays as previously described 24, 35 with minor modifications. DNA templates corresponding to positions 15-118 (relative to the predicted transcription start site) of the E. faecalis metK leader were constructed by ligating overlapping pairs of complementary oligonucleotides, including a T7 RNA polymerase promoter sequence, as previously described 49, 50 . Ligated products were amplified by PCR and RNAs were synthesized by T7 RNA polymerase transcription using an AmpliScribe T7 High Yield Transcription Kit (Epicentre Biotechnologies). RNAs (3 mM) in 1Â transcription buffer 51 were heated to 65 1C for 5 min and slow-cooled to 40 1C, followed by addition of radiolabeled SAM (3 mM [methyl-3 H]-SAM, 15 Ci mmol -1 ; GE Healthcare) in a total reaction volume of 40 ml. Binding reactions were incubated at room temperature (20-25 1C) for 15 min followed by passage through a Nanosep 10K Omega filter (Pall Life Sciences) by centrifugation at 14,000g for 2.5 min. Filters were washed four times with 40 ml 1Â transcription buffer to remove unbound SAM, and material retained by the filter was collected, mixed with Packard BioScience Ultima Gold scintillation fluid and counted in a Packard Tri-Carb 2100TR liquid scintillation counter. No SAM was retained by the filter in the absence of RNA; hence, the background for nonspecific binding is negligible. All binding assays were carried out in triplicate and the s.d. are shown in Figure 2 .
Apparent K d determination. The apparent equilibrium dissociation constants (K d values) for the wild-type 15-118 metK leader sequence and the 53-nucleotide crystallization construct were determined using a modified SAM binding assay 37 . Briefly, T7 RNA polymerase transcribed RNA (1 mM) in 1Â transcription buffer 51 was refolded as described above and incubated with [ 3 H]-SAM ranging in concentration from 0.02 mM to 10 mM. Binding reactions were loaded onto Nanosep 3K Omega filters (Pall Life Sciences) and centrifuged briefly at 14,000g to avoid large volume changes. The concentration of the RNA-[ 3 H]-SAM complex retained by the filter and the unbound SAM present in the flow through were determined by scintillation counting of known volumes, and nonlinear regression analyses were performed using KaleidaGraph Version 3.51 (Synergy Software). Apparent K d values represent the averages of at least two independent experiments for each construct with a margin of error r5%.
In vivo lacZ reporter gene assay of S MK box fusions. We carried out in vivo lacZ reporter gene assays as described previously 24, 35 . Enterococcus faecalis metK leader region constructs, which included the first 15 nt of the coding region, were positioned downstream of the highly expressed B. subtilis glyQS promoter. The resulting DNA fragment was inserted into a lacZ fusion vector (pFG328) 52 to generate an in-frame metK-lacZ translational fusion in which the first five codons of metK were fused to codon 18 of lacZ. The constructs were introduced into the chromosome of B. subtilis strain BR151 (metB10 lys-3 trpC2) by integration into an SPb prophage. Bacillus subtilis strains containing the lacZ fusions were grown at 37 1C in Spizizen minimal medium 53 containing methionine (50 mg ml -1 ) until early exponential growth. The cells were harvested by centrifugation at 8,000g and resuspended in Spizizen medium either with or without methionine, and samples were collected at 1-h intervals and assayed for b-galactosidase activity after toluene permeabilization of the cells 54 
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